[1] We study the effect of temperature in the crust on the style of faulting during the extension of a model lithosphere. Two distinct fault patterns are seen depending on whether the brittle layer thickness H L is greater or less than a critical value H C . For a thin layer (H L < H C ) a single high-angle normal fault develops large offset with strong rotation of the abandoned footwall. For thick layers (H L > H C ) a rift develops with multiple faults bounding an evolving set of grabens. Numerical results show that the value of H C depends on how the thermal structure and therefore the thickness distribution of the lithosphere evolve during extension. In the region where the displacement occurs along the fault the brittle lithosphere thins, and we show that this promotes development of multiple faults. In models with heat transfer only by rock motion and conduction, the advective thinning effect can greatly reduce H C . With rift velocities greater than 1 cm yr À1 , H C is reduced by a factor of 5 (to unreasonably small values). However, inclusion of simulated hydrothermal cooling increases H C . This allows large offsets to develop in model lithospheres with brittle layers of order 10 km thick. Extension of layers thicker than 10 km tends to produce a rift with multiple graben structures. Finally, we compare the result of a simplified analytic model of extension to data. We find that the style of faulting seen in a variety of continental rifts is broadly consistent with our model predictions.
Introduction
[2] A primary feature of rifts is the extension of the upper crust through faulting. Rifts show a broad variety of faulting patterns (see summaries of Roberts and Yielding [1991] and Morley [1995] ). Analyses by numerous geologists indicate that a basic building block of these patterns is the halfgraben unit. These units can be combined to produce a wide variety of rift morphologies. The major half-graben boundary faults define the large-scale structure of rifts and can have an offset up to 10 km. Commonly, the major faults across a given rift segment have the same dip direction producing an asymmetric rift cross section [Moustafa, 1976; Bally, 1982] . The half grabens are, in turn, cut by numerous minor faults that can be synthetic or antithetic. These minor or secondary faults often take up a relatively high percentage of extension (20 -50%) [Morley, 1988 [Morley, , 1995 Patton et al., 1994] . On the other hand and in contrast to most rifts, zone core complexes are structures which are not characterized by half grabens. Core complexes such as those described in the Basin and Range area and at mid-oceanic ridges are major large-offset (tens of kilometers) normal faults that accommodate all of the regional extension [e.g., Lister and Davis, 1988; Wernicke, 1985; Lister et al., 1986 Lister et al., , 1991 . These structures are areas in which high-grade metamorphic rocks originating in the middle to lower crust are exposed at the surface, surrounded and overlain by lower-grade rocks [e.g., Coney, 1980] . The footwalls of these faults dip at very low angles at the surface [e.g., Davis, 1988; Lister et al., 1986 Lister et al., , 1991 Cann et al., 1997; Tucholke et al., 1998; Ranero and Reston, 1999] . Hamilton [1988] , Wernicke and Axen [1988] , Buck [1988 Buck [ , 1993 , and then Lavier et al. [1999 Lavier et al. [ , 2000 proposed that these normal faults originate at high angle and, as fault offset increases, their footwall are rotated flexurally to an inactive low-angle configuration.
[3] Even though the features of asymmetric grabens and core complexes are well described, the mechanisms that control whether normal faulting leads to the formation of core complexes (large offset faults) or grabens and half grabens (multiple small offset faults) are poorly understood. In this paper we propose a self-consistent dynamic model of the extension of the lithosphere that produces both grabens and half grabens and large-offset faults. We further analyze the thermal and geological conditions that control whether extension of the lithosphere lithosphere leads to the formation of either type of structures.
Previous Models
[4] Vening-Meinesz [1950] first proposed a mechanism for the formation of secondary faults in half grabens. Considering that the lithosphere behaves as an elasticplastic beam, he predicted that elastic bending should eventually lead to the failure of the hanging wall in the vicinity of maximum curvature. Kusznir et al. [1991] and Kusznir and Ziegler [1992] further developed a flexural model based on Vening-Meinesz's [1950] conceptualization of a rift valley. In this model a faulted, flexed upper crust overlies a ductile lower crust and mantle that extend by pure shear deformation.
[5] In order to study the potential formation of antithetic or synthetic faults in the vicinity of a high-angle normal fault, Melosh and Williams [1989] used a finite element method to model the lithosphere as a thick elastic plate. They insert a normal fault in the lithosphere and predict the initiation of new faults by assuming a Mohr-Coulomb criterion for brittle failure in the elastic plate. In a further improvement, Hassani and Chéry [1996] were able to simulate the localization and formation of new faults around an initial prescribed weak fault by assuming plastic behavior in a thick elastic-plastic plate to allow for the localization of deformation in shear zones. Using a different approach in which they consider a phenomenological law for fault propagation [Dawers, 1996] , Scholz and Contreras [1998] proposed a mechanism in which the position and the offset on the bounding fault of a rift is controlled by both the crustal thickness and the effective elastic thickness of the lithosphere.
[6] All of these models disregard the effect of the weakening processes accompanying the formation of shear zones. By modeling spontaneous formation of normal faults by the reduction of cohesion in a frictional and cohesional elastic-plastic layer, Poliakov and Buck [1998] show that the pattern of faulting and the size of fault offsets are strongly dependent on the amount of cohesion reduction on the fault. Lavier et al. [1999 Lavier et al. [ , 2000 demonstrate that the fault pattern and offset are also dependent on the rate of weakening (rate of cohesion reduction). Quantitatively, they find that whether extension of a uniform thickness brittle layer leads to the formation of a largeoffset fault or half-graben structures depends only on two parameters: (1) the brittle layer thickness for a given cohesion and (2) the rate of cohesion reduction with strain. For a large brittle layer thickness (>22 km with 44 MPa of cohesion), extension always leads to multiple faults distributed over a region with a width equivalent to the thickness of the layer. For a smaller brittle layer thickness the fault pattern is dependent on the rate of fault weakening: essentially, to obtain a large offset fault, the rate of weakening must be moderate (before the fault becomes cohesionless it should offset by >1 km). The reason the thickness of the brittle layer was artificially kept uniform was to simplify the analysis of the results.
[7] These studies provide some insights into what parameters control the offset and the pattern of faults seen in rifts. However, they do not account for other processes that may have an important impact on the pattern of faulting seen in rifts. For example, strain weakening on faults may be countered by viscous strengthening in the lower crust due to its strain-rate-dependent rheology and may result in multiple fault patterns [Fletcher and Hallet, 1979; Zuber et al., 1986; Bassi, 1991 Bassi, , 1995 . The buoyancy forces generated by surface topography and Moho relief could also lead to multiple faults; however, it may be countered by lower crustal flow which decreases relief [Christensen, 1992; Buck, 1991; Hopper and Buck, 1996] . The rate of extension should control the relative importance of advective thinning (and weakening) versus diffusive thickening (and strengthening) of a rift [England, 1983] . In this paper we study how advective thinning of the brittle layer in the vicinity of a first formed fault may promote the formation of secondary faults.
Model Description
[8] We perform numerical experiments on the extension of an elastic-viscoplastic layer with a temperature-dependent viscosity structure and a depth-dependent plastic shear yield. The crust is modeled as a single layer with a variable thermal field that controls the rheological structure (Figure 1a ). In the shallow, cold part of this layer the viscosity is so high that it effectively behaves as a brittle material, approximated with Coulomb elastic plastic rheology (Appendix A). Warmer regions deform by thermally activated creep, approximated as a nonlinear Maxwell viscoelastic temperature-and strainrate-dependent flow (see, e.g., Kirby and Kronenberg [1987] and Appendix A). The layer floats over an inviscid fluid of density similar to that of the upper mantle. The width of the model domain is taken to be 15 times the brittle layer thickness H. We take the density r of the brittle layer to be equal to 2700 and 3300 kg m À3 for the upper mantle and the inviscid substrate, respectively. The acceleration of gravity g is set to 10 m s À2 . At the upper surface, shear and normal stresses are assumed to be zero. The right and left side of the box are pulled steadily apart at 10 mm yr
À1
. At the bottom we apply normal stress equal to the lithostatic pressure in the lithsopheric layer and zero shear stress (Winkler foundation). A small perturbation, made up of one to three cohesionless elements, is initially placed at the center of the model domain to induce the formation of the first fault. In the model we consider localization in a cohesive, frictional layer. Where stresses exceed the yield stress, an evolving faulting pattern approximated by plastic zones is produced by locally reducing the cohesional strength as a function of strain. Two parameters are important in describing the formation of a fault in our model (as illustrated in Figure 1b ): (1) the amount of cohesion reduction C(0) needed to form a fault and (2) a critical amount of offset Áx c a given fault must accumulate to lose all its cohesional strength. The smaller Áx c , the faster weakening occurs.
[9] The initial thermal structure is defined by a linear geotherm with set top (10°C) and bottom (900°C) temper-atures. The parameters in the viscosity relation (Appendix A) are chosen in such a way that the brittle ductile transition occurs at approximately the depth of the 450°C isotherm. For a 30-km-thick elasto-viscoplastic layer the brittle ductile transition occurs at 15 km so that the initial brittle layer thickness is 15 km. We do not take into account radiogenic heat production. The thermal conductivity is 2 W m À1 K
in all the models. The choice of a linear geotherm without taking into account the effect of heat production by radioactive decay leads to a higher than normal temperature in the ductile part of the model. This is done in order to diminish the complicating effect of viscous strengthening in the lower crust; the rheological parameters are set so the viscosity decreases very rapidly with depth (Appendix A).
[10] In order to simulate the mechanical and thermal behavior of the lithosphere (Appendix A, section A2) we use an explicit finite element method similar to the fast Lagrangian analysis of continua (FLAC) technique of Cundall [1989] , which has been used to simulate localized deformation in elastic-plastic materials in a variety of problems [Hobbs and Ord, 1989; Poliakov et al., 1993; Poliakov and Herrmann, 1994; Hassani and Chéry, 1996; Buck and Poliakov, 1998 ]. This method allows for the modeling of spontaneous localization and large deformation with a remeshing algorithm (Appendix A, section A3).
Extension of a Uniform Brittle Layer
[11] In previous work we investigated the pattern of faulting resulting from the extension of a uniform thickness brittle layer floating over an inviscid fluid [Lavier et al., 2000] . Figure 2 shows the topography and the state of strain for three numerical experiments with different layer thickness. The style of extensional faulting depends on the layer thickness and cohesion. For 40 MPa cohesion we find that extension of layers <22 km leads to the formation of a largeoffset low-angle normal fault (offset larger than 25 km) (Figures 2a and 2b ). For layer thickness >22 km (40 MPa cohesion) the deformation is accommodated by multiple faults with small offset (Figure 2c ). While confirming the results from Buck [1993] regarding the role of layer thickness, this study also shows that to accumulate large offset, the rate of cohesion weakening occurring during the formation of a fault must be moderate (i.e., the fault loses all its cohesion after $1 km of offset). The modeled large-offset faults have topographic relief and secondary features that Yield stress s y is proportional to the shear stress assuming principal stresses are horizontal or vertical. In the ductile layer the yield stress is strain-rate-and temperature-dependent following dislocation creep flaw laws. (b) The reduction of cohesion C is linear with plastic strain. The maximum cohesion loss is given by C(0), and the rate of strength reduction is given by C(0)/e c , e c being the characteristic plastic strain for which a fault has lost all its cohesion.
are very similar to what is seen for the megamullions structures at the Mid-Atlantic Ridge and to core complex structures in the Basin and Range area [Lavier et al., 1999 [Lavier et al., , 2000 . However, the multiple fault cases (Figure 2c ) do not compare well with the major features commonly encountered in rifts.
[12] The variation in fault pattern seen in the constant layer thickness models depends on two parameters: (1) the brittle layer thickness for a given cohesion and (2) the rate of weakening needed to form a fault. We develop a simple theory based on the change in regional force ÁF needed to extend the uniform thickness layer to explain the change in behavior of this system. Whether extension of the layer leads to the formation of large offset faults or multiple faults depends on two processes: (1) the increase in regional force due to the resistance of the layer to bending and the resistance of gravity to the buildup of topography (ÁF b ) [e.g., Forsyth, 1992; Buck, 1988 Buck, , 1993 Lavier et al., 2000] , (2) the reduction in regional force due to the weakening processes on the fault (ÁF w ) Lavier et al., 2000] . The approximate shapes of the bending force and the weakening force curves are obtained from Lavier et al. [2000] . To first order the maximum of ÁF b is proportional to the product of a parameter A (A = 1000-2000 Pa m À1 [Lavier et al., 2000] ) to the square of the brittle layer thickness H L (Figure 3 ) and the maximum of ÁF w is proportional to the product of the initial cohesion of the layer C(0) by the brittle layer thickness (Figure 3 ). For a thin layer ( Figure 3a ) the bending component is small enough and the weakening component is large enough that the weakening processes dominate the total force change needed to offset the fault. In that case the initial fault can accumulate large offset (Figures 2a and 2b ). For a thick enough layer, ÁF b would exceed ÁF w ( Figure 3b ); in this case the stresses around the initial fault resulting from bending are larger than yield and a second fault forms (Figure 2c ).
Advective Layer Thinning During Extension
[13] In the previous numerical experiments the thickness of the strong brittle lithosphere was artificially kept constant during extension. We ran a number of numerical experiments in order to see whether extension of a viscoelastic plastic layer with advective thinning of the brittle layer could lead to the formation of graben structures or of one single fault with large offset. Figure 4 shows the topography, the state of strain, the temperature, and the viscosity structure resulting from two of these model runs.
[14] In these experiments we varied the initial thickness of the brittle layer from 2 to 20 km (2, 5, 10, 15, 20 km) by adjusting the parameters of the power law creep to set the thickness of the brittle crust. In most of the cases, extension of the brittle layer produces grabens or systems of grabens and half grabens (Figures 4a and 4b) .
[15] For the graben cases we observe that the thinning of the brittle layer by heat advection promotes the formation of multiple grabens and half-graben structures. Thinning of the layer in the vicinity of a previously formed fault reduces the amount of weakening necessary to form a new fault, as illustrated in Figure 5 . We know that the cohesive strength of the layer is proportional to its thickness H and cohesion C(0) (Figure 5a ). Decreasing the local layer thickness H L by advective thinning by ÁH to a thickness H F = H L À ÁH will decrease the strength of the brittle layer in the vicinity of the initial fault and therefore facilitate weakening and secondary faulting (Figure 5b ). The secondary fault will always form in a position similar to that of antithetic and synthetic faults in half grabens. The resulting style of faulting is therefore similar to that observed in rifts [e.g., Roberts and Yielding, 1991; Morley, 1995] .
[16] In Figure 6 we illustrate how the resulting regional force (ÁF = ÁF b + ÁF w ) needed to extend the layer might be affected by advective thinning and how it should lead to the formation of new fault. If advective thinning occurs in the vicinity of the first fault, then the force required to break a new fault, ÁF w , is reduced by C(0) ÁH to equal C(0)H F . In contrast, the force increase due to layer bending, ÁF b , is not affected initially by the local thinning of the layer because the layer with full thickness is still bent by offset of the initial fault. Thus we expect that advective layer thinning promotes formation of multiple faults, and this is seen in the two-dimensional numerical calculations. Eventually, as the layer thins over a wider region, this analysis should break down. However, this very approximate way of representing forces and strength changes does allow us to visualize a way that layer thinning may promote secondary fault development.
[17] Reducing the initial brittle layer thickness helps promote offset of a single fault in two ways. First, it reduces the maximum value of the bending related force change, ÁF b (Figure 6 ). Second, thermal advection is less able to locally reduce the layer thickness (i.e., ÁH/H L is smaller for smaller H L ) because thermal diffusion is relatively more efficient at short distances. Therefore, for smaller H L the force to break a new fault, ÁF w , is not reduced as much by advection. However, our numerical results show that to get a single large-offset normal fault with advective lithospheric thinning requires an initial brittle lithospheric thickness less than a few kilometers (i.e., H C = $3 km for cohesion of 40 MPa). The brittle layer thickness in real areas of large-offset normal faults is not likely to be nearly so thin.
Advection and Hydrothermal Cooling
[18] We now have a problem. Advective layer thinning during normal faulting can promote formation of multiple graben-like structures that resemble what is seen in continental rifts. However, the same advection makes it very difficult to explain the formation of large-offset normal faults for reasonable brittle layer thicknesses. One possible way to obtain both styles of faulting with the same model is to suppress advection thinning by hydrothermal cooling. This allows an increase of the rate of cooling during Figure 3 . Schematic representation of the two components of the regional force needed to extend and fault the brittle layer for (a) a thin layer and (b) a thick layer. Initially, the transition between large-offset fault and small-offset faults is controlled by the competition between the rate of increase in bending force and the rate of decrease in force due to the weakening on the fault. In the long term the transition is controlled by the thickness of the layer, H L . extensional faulting above that due to thermal conduction alone. There are good reasons to believe that flow of water in cracks can transport significant heat away from and extending the region, and we consider this in our last set of model calculations.
[19] Hydrothermal circulation of seawater through cracks in the oceanic crust is a widely recognized cooling mechanism for the crust [e.g., Chen and Morgan, 1990] . It is arguably a very important cooling component in the continental crust [Muir-Wood and King, 1993] and specifically in times of intense deformation through faulting such as is inferred for core complexes [e.g., Bartley and Glazner, 1985; Fricke et al., 1992; Beratan, 1999] . The depth of efficient hydrothermal circulation may be limited to 5 -10 km where overburden is insufficient to close cracks (the pathway of fluids). Ingebritsen and Manning [1999] discuss constraints suggesting a decrease in permeability with depth in the continental crust, with intense hydrothermal circulation up to a depth of $10 km. It is also likely that the process of faulting results in more pervasive cracking and so more efficient water flow around active faults [Hubbert and Rubey, 1959; Bartley and Glazner, 1985; Zoback et al., 1987] . The intensity of water circulation through cracks initiated by faulting may well control the thickness of the strong lithosphere in the vicinity of active faults.
[20] On the basis of these ideas and observations we simulate hydrothermal cooling by increasing effective thermal conductivity (and so the diffusivity) in the area where the strain corresponds to zones of intense deformation through faulting (Figure 7) . Numerically, at each time step we check laterally around each grid element the distance x to the closest element where the plastic strain is higher than a critical value e cr (0.05). Following previous models for mid-ocean ridge thermal structure with hydrothermal circulation [e.g., Phipps Morgan et al., 1987; Chen and Morgan, 1990] , the effective thermal diffusivity k e of each elements is recalculated according to k e = k (1 + b) (0 < z < z h and 0 < T < T h ), where k is thermal diffusivity of the rock, z is Figure 6 . Schematic representation of the two components of the regional force needed to extend and fault the layer with advective thinning. Initially, the transition between large-offset fault and small-offset faults is controlled by the competition between the rate of increase in bending force and the rate of decrease in force due to the weakening on the fault. In the long term the transition is controlled by the thickness of the layer, H L or H L -ÁH when advective thinning occurs. depth, and T is temperature; z h is the maximum depth extent of hydrothermal circulation, and T h is the maximum temperature at which hydrothermal circulation is effective ( Figure  7 ). Following data from Fricke et al. [1992] , we limit increased conductivity to temperatures below 600°C and at depths above 8 km (i.e., T h = 600°C and z h = 8 km).
[21] We decrease the intensity of hydrothermal circulation away from the faulted element by defining the enhancement factor b as b = b 0 exp(Àxl 0 ), where b 0 is the maximum enhancement factor in the immediate vicinity of the fault and l 0 is the falloff distance of the hydrothermal circulation. We set l 0 to 10 km to give a wide zone of moderate enhancement of effective conductivity. It is meant to simulate a narrower zone of far more intense hydrothermal cooling in the faulted rocks (Figure 7) . Including very high diffusivities would add too much to the numerical computation time.
[22] The brittle layer thickness during extension scales approximately like k e /V, where V is the vertical velocity, which is about the same as the horizontal velocity of extension. The value b 0 = 5 is chosen such that the steady state thermal structure corresponds to a steady state brittle layer thickness H l of about 10 km with V = 20 mm yr À1 .
[23] When we include the effect of hydrothermal cooling with the parameters defined above, we see a significant change in the conditions needed for different kinds of faulting. For a brittle layer thickness initially <15 km, extension of the crust leads to the formation of a largeoffset fault (Figure 8a ). Starting with a brittle layer thickness initially >15 km, extension leads to the formation of multiple faults with a pattern similar to those observed in half grabens or rifts (Figure 8b ). For the large-offset fault case with hydrothermal cooling (Figure 8a) , faulting, as indicated by zones of highly concentrated total strain, shows a single fault accounting for all the imposed 25 km of offset. The modeled topography shows that after that extension the inactive footwall of the fault dips at an angle <20°in some areas. Material from the middle to lower crust has been gradually uplifted to surface as the fault slipped.
[24] For the graben and half graben forming case in Figure 8b , faulting is distributed mainly over three faults. The major fault to the left accumulated half of the deformation, and the two antithetic faults to the right accumulated the remainder of the deformation. The dip of the faults ranged between 45°and 60°and is consistent with seismicity constraints of dips on normal faults [e.g., Jackson, 1987] . Soon after the formation of the initial major fault, another fault forms. The two faults then accumulate deformation and develop into an asymmetric graben. After further extension and thinning of the layer, another fault develops, and faulted blocks rotate in a manner akin to tilted blocks in a narrow rift.
[25] These numerical experiments show that significant hydrothermal cooling can allow large-offset low-angle normal faults to develop for a reasonable initial brittle lithospheric thickness. Hydrothermal cooling reduces the amount of lithospheric thinning in the area where fault slip causes vertical advection of temperatures. Basically, fault offset locally thins the layer, and hydrothermal flow cools and thickens the lithosphere. As noted in section 5, any local new, secondary faults develop and ''take over'' the deformation from the initial fault.
Analytic Model
[26] Guided by our numerical results, we now develop an approximate description of the conditions required for the two basic styles of faulting: graben formation and largeoffset faulting. Essentially, we need to estimate when the local thinning is enough to change the predicted style of faulting for given initial brittle layer thickness. The effects of different hydrothermal cooling efficiencies and extension velocities on changes in the thermal structure in the area of fault offset are considered.
[27] The first step is to define the critical brittle layer thickness, H C marking the boundary between small and large offset faults, as a function of the minimum layer thickness in the area of a single active fault, H F . As noted before, the maximum force change related to bending a layer of thickness H L is
where A $ 2000 Pa m À1 based on our numerical results. The force change needed to break a new fault is
The critical value of the lithospheric thickness is that value for which these force changes are equal (i.e., ÁF b = ÁF w ) and is given by
These thickness conditions for this behavior are defined in the shaded area of the plot for C(0) = 44 MPa (Figure 9 ).
[28] To estimate the value of the layer thickness H F in the area of the active fault, we need a thermal model. We assume that as in the numerical model, the base of the brittle layer is defined by an isotherm where T = T B . We will use the thermal model to relate H F to the initial lithospheric thickness, H L , the extension velocity, V, and the effective thermal diffusivity, (1 + b)k. Figure 7 . Parametrization of hydrothermal cooling in the numerical model. We simulate hydrothermal cooling by increasing the thermal diffusivity in the faulted area. The effective thermal diffusivity k e of each elements is recalculated according to k e = k (1 + b) (0 < z < z h and 0 < T < T h ) where ê is thermal diffusivity of the rock, z is depth, and T is temperature; z h is the maximum depth extent of hydrothermal circulation, and T h is the maximum temperature at which hydrothermal circulation is effective; l 0 determines the area around the fault where hydrothermal cooling is efficient. ETG 8 -8 Figure 8 . Extension of an elastic viscous plastic layer including the simulation of hydrothermal cooling. The topography, the state of strain (square root of the second invariant of the strain tensor), the viscosity in decimal logarithm scale, and the temperature structure of each of the model presented are shown. The pattern of faulting in elasto viscoplastic layer is shown with initially (a) 10-and (b) 15-km-thick brittle layer and 44 MPa of cohesion. The brittle layer thickness is therefore kept constant ($10 km) in the immediate vicinity of the fault where the strain is maximum. For a 10-km initial brittle layer thickness, 20 km of extension leads to the formation of a large-offset fault. For a 15-km initial brittle layer thickness we obtain a half graben with multiple half grabens (block rotated) after 20 km of extension. See color version of this figure at back of this issue.
[29] To simplify the problem, we ignore lateral heat flow and assume that the area around the fault is affected by a uniform, depth-independent, vertical velocity equal to V. Since we are interested in the minimum lithospheric thickness developed during extension, we can consider the steady state thermal conditions. Thus we can describe the local temperature profile as a solution to the one-dimensional equation of steady state heat conservation:
where z 0 = k (1 + b)/V. The boundary conditions are T(0) = 0°C and T(H L ) = 2T B . The bottom boundary condition is set to be that used in the numerical calculation:
Solving for the depth where T = T B , which defines the final brittle layer thickness, we obtain
Replacing H F in equation (3) by the one defined in equation (6), we can relate the critical brittle layer thickness as functions of the velocity of extension V and the initial thickness of the brittle layer H L . The corresponding curves are plotted in Figure 10 for weak (b 0 = 0) and intense (b 0 = 9) hydrothermal cooling assuming 40 MPa of cohesion.
[30] We compare our predictions to observed styles of rifting using heat flow data from rifts around the world (Table 1) . Geologic data give some constraints on the velocity of extension during the formation of these rifts. To relate heat flow to brittle layer thickness, we calculate a one-dimensional continental geotherm with radiogenic heat production (decreasing exponentially with depth) and a mantle heat flow of 30 mW m À2 [Turcotte and Schubert, 1982] . Assuming that the brittle ductile transition occurs at 450°C, we obtain the initial brittle layer thickness H L for a given extension velocity (Table 1 and Figure 10) .
[31] Large uncertainties remain on the estimate of extension velocity and brittle layer thickness. The crustal thickness is based on heat flow estimates for the initial part of the extension. By fixing the ductile transition at 450°C for the continental rifts we assume that the composition of the lower crust is dominated by plagioclase-rich minerals. It may be that the brittle-ductile transition is controlled by quartz-rich minerals which become plastic between the 250°C and 350°C. This would reduce our estimate of the initial brittle layer thickness H L by as much as 5 km. However, the results presented Figure 10 would not be greatly affected by such modifications. Figure 9 . Plot of the critical brittle layer thickness H C marking the boundary between small-and large-offset faults, as a function of the minimum layer thickness in the area of a single active fault, H F . The shaded area corresponds to the domain for which extension may lead to the formation of large-offset faults. The white areas correspond to the domain for which half grabens may form. Figure 10 . Plot of the initial brittle layer thickness as a function of the extension velocity. The data points (circles for rifts for large offset faults and squares for rifts with half grabens) are listed in Table 1 . The two curves show the change in behavior between large-offset fault and half grabens predicted by the analytic theory for weak hydrothermal cooling (b 0 = 0) are strong hydrothermal cooling (b 0 = 9). The agreement between data and theory is excellent. This shows that the simple theory derived from the numerical experiments is at least consistent with the observations.
[32] Often extension rates are based on long-term estimates of the extension velocities which may vary greatly during the history of a given rift. The Basin and Range area experienced phases of rapid extension in the Oligocene to early Miocene (Figure 10 ), which led to the formation of large offset faults. In the late Miocene, however, the extension rate in the central part of the basin and range was as slow as 3 mm yr
À1
. This may have promoted the formation of grabens and half grabens during the wide rift phase of the Basin and Range formation.
[33] For the Mid-Atlantic Ridge (MAR), magmatic accretion may affect the style of extension and promote the development of grabens in some areas but not in other areas. Finally, rifts such as the Gulf of Suez, the Red Sea rift, the East African rifts, and the Baikal rifts are areas for which the brittle layer was so thick initially that neither faster rates of extension nor hydrothermal cooling should affect the style of faulting.
Summary
[34] Both modeled half grabens and large-offset lowangle normal fault show features that are strikingly similar to those observed in extensional settings. As explained before, we believe that advective thinning of the lithosphere tends to promote development of secondary faults near the primary fault. On the other hand, hydrothermal cooling will suppress the effect of advective thinning and allow for the formation of large offset faults. Natural examples show the occurrence of active hydrothermal circulation during period of faulting. In the Rubey Mountains-East Humboldt range in Nevada, Fricke et al. [1992] reported the infiltration of meteoric water in shear zones during periods of intense deformation at depths of at least 5 -10 km. Beratan [1999] reported an intense period of hydrothermal circulation during extension in the core complex of the Whipple Mountains in California. In the case of oceanic ridges, observations and models indicate that the thermal state, brittle layer thickness, topographic relief, and fault patterns are dependent on the intensity of hydrothermal circulation [e.g., Chen and Morgan, 1990; Phipps Morgan and Chen, 1993] .
[35] The model results favor a major role for hydrothermal cooling in determining the pattern of faulting observed at rifting. Many other processes, such as flow or detachment in the ductile in the lower crust, crustal thinning (producing Moho topography and so changes in gravitational stresses [Buck, 1991] ) and magmatism, may certainly have an impact on faulting at rift and ridges and on the formation of continental core complexes. However, much evidence has been accumulated in both continental and oceanic rifting (especially for core complexes) that argue for a major role for hydrothermal circulation in determining the mechanism of faulting.
Appendix A: Model Description A1. Rheology A1.1. Viscoelasticity
[36] To model the viscous part of the lithosphere, we used the Maxwell viscoelastic constitutive equations relating the deviatoric stresses s ii to the deviatoric strains e ii :
where E is Young's modulus and t M is the Maxwell time defined as t M = 2h/E, with h being the effective viscosity. The subscript i corresponds to the component on x, y, or z of the stress and strain tensors. In our model the viscosity depends on temperature and the effective strain rate following an exponential power law creep [e.g., Kirby and Kronenberg, 1987] :
where A is a constant, n is the exponent of the power law, _ e eff is defined as the second invariant of the strain rate tensor, T is temperature in kelvins, and R is the universal gas constant. Since we neglect the effects of strengthening of the viscous layer, for the following examples we took n = 3, Q = 442 kJ mol
À1
, and A = 1.73 Â 10 5 (Pa s) 1/n . To vary the initial brittle layer thickness, we change Q and A accordingly. This value allows us to model a weak lower crust with rapidly decreasing viscosity with depth (the viscosity reaches its minimum value 5 Â 10 18 Pa s at 1 km below the brittle ductile transition).
A1.2. Brittle rheology
[37] We assume that the yield stress for brittle material is given by the Mohr-Coulomb failure criterion and that when that criterion is met, flow follows a rule for nonassociated plasticity [e.g., Poliakov and Buck, 1998 ]. This formulation allows localization of plastic deformation in shear zones or ''faults.'' The shear stress at yield t is given by MohrCoulomb theory:
where m is the coefficient of friction, s n is the normal stress, and C is the cohesion, which depends on the total plastic strain e ps . The plastic strain is the nonrecoverable strain accumulated when the stress in the layer is locally greater than the yield stress.
[38] The cohesion is reduced with increasing strain after yielding. Up to the point where material loses all cohesion, the reduction of cohesion with strain is linear (Figure 2b ), C(e ps ) = C(0)[1À(e ps /e c )], where C(0) is the initial cohesion of the layer. We define e c as a characteristic value of plastic strain. When the plastic strain reaches e c , the fault is cohesionless. However, as seen in all models allowing for the localization of deformation [e.g., Cundall, 1989] , the width of the fault, Áw is consistently $3 times the grid size. Thus, for a given fault displacement the strain is dependent on the grid size. In order to scale the characteristic strain and the rate of cohesion weakening between two models with different grid sizes, we use characteristic offset, Áx c = e c Áw, rather than e c as a measure of the amount of deformation needed to form a cohesionless fault [Lavier et al., 2000] .
A2. Mechanical and Thermal Equilibrium
[39] For each numerical time step the modeling involves direct solution of the equation of motion for every grid point including the effects of inertia [Cundall, 1989] :
where v i are the velocity at each grid points, g is the acceleration of gravity, r is the density, and s ij are the stresses in every elements. In order to approximate quasistatic processes the effects of inertia must be damped in a way akin to oscillations in a damped oscillator. Starting from a nonequilibrium state, the forces present at each grid point are summed ( f i = r@v i /@t). The corresponding ''out-ofbalance'' forces and the mass at the grid point give rise to acceleration. The accelerations are integrated to calculate the new velocities, which are used to determine the increment of strain e ij at each grid point. By using the constitutive law for elastic, viscous, and plastic rheologies described in the following paragraph, the corresponding stress increments are determined, and the forces which they produce on the surrounding grid points are summed to determine the new out-of-balance forces and velocities. This dynamic response is then damped to approach a quasi staticequilibrium.
[40] FLAC is a very powerful technique for simulating nonlinear rheological behavior at very high resolution because the explicit time-marching scheme does not require storage of large matrices which are needed for implicit methods. The time step of the calculation scales with the elastic-plastic property of our model. If the problem is purely elastic, the time step of the dynamic response scales with the velocity of the elastic wave propagating through the elements. This time step is of the order of a few hundredths of a second. Therefore the resolution of the domains studied and the timescale needed for our numerical experiments would yield very long running time. In order to decrease the CPU time needed to perform the numerical experiments, we increase the speed of calculation by setting the boundary displacement as a fraction of grid spacing per time step. To set the boundary displacement, we chose a ratio of boundary velocity to sound velocity of 5 Â 10
À5
. We find that this ratio allows for fast enough runs and at the same time minimizes the error on the strain calculation.
[41] We model the evolution of the temperature as the model material deforms by using a Lagrangian formulation. We use an explicit finite difference method as used in FLAC. Each time step the flow of heat through each element is calculated using Fourier's law. The corresponding energy is then summed and the temperature is calculated at each grid points using the energy equation:
where T is the temperature, r is the density of the material, C p is capacity calorific, k is the thermal conductivity tensor, and Q is the heat production per unit volume.
A3. Remeshing
[42] The initial mesh of the model is made of quadrilaterals subdivided into two pairs of superimposed constant strain triangular zones. The use of triangular zones eliminates the problem of ''hourglassing'' deformation sometimes experienced in finite differences [Cundall, 1989] . Since this method is Lagrangian (i.e., the numerical grid follows the deformations), the simulation of large deformations (locally >50%) involves remeshing to overcome the problem of degradation of numerical precision when elements are distorted. We trigger remeshing when one of the triangles in the grid elements is distorted enough that one of its angles becomes smaller than a given value. Every time remeshing occurs, strains at each grid point are interpolated between the old deformed mesh and the new undeformed mesh using a nearest-neighbor algorithm. The new state of strain is then used with the rheological laws to calculate the stress and resulting out-of-balance forces to start the time step cycle again. Also every time we remesh, errors in the interpolation of the strains result in an increase of the out-ofbalance forces, and artificial accelerations and oscillations occur. For this reason, the solution may not be in equilibrium immediately after remeshing. This results in transient variations in stresses of order 10% from the average values. After about a hundred numerical time steps, damping brings the solution back to equilibrium. We have tested different criteria to trigger remeshing in order to reduce the time to obtain a reproducible result and chose to use a minimum angle before remeshing of 15°.
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